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Abstract 24 

The origin of sedimentary dolomite has become a long-standing problem in the 25 

Earth Sciences. Some carbonate minerals like ankerite have the same crystal structure 26 

as dolomite, hence their genesis may provide clues to help solving the dolomite problem. 27 

The purpose of this study was to probe whether microbial activity can be involved in 28 

the formation of ankerite. Bio-carbonation experiments associated with microbial iron 29 

reduction were performed in batch systems with various concentrations of Ca2+ (0-20 30 

mM), with a marine iron-reducing bacterium Shewanella piezotolerans WP3 as the 31 

reaction mediator, and with lactate and ferrihydrite as the respective electron donor and 32 

acceptor. Our biomineralization data showed that Ca-amendments expedited 33 

microbially-mediated ferrihydrite reduction by enhancing the adhesion between WP3 34 

cells and ferrihydrite particles. After bioreduction, siderite occurred as the principal 35 

secondary mineral in the Ca-free systems. Instead, Ca-Fe carbonates were formed when 36 

Ca2+ ions were present. The CaCO3 content of microbially-induced Ca-Fe carbonates 37 

was positively correlated with the initial Ca2+ concentration. The Ca-Fe carbonate phase 38 

produced in the 20 mM Ca-amended biosystems had a chemical formula of 39 

Ca0.8Fe1.2(CO3)2, which is close to the theoretical composition of ankerite. This 40 

ankerite-like phase was nanometric in size and spherical, Ca-Fe disordered, and 41 

structurally defective. Our simulated diagenesis experiments further demonstrated that 42 

the resulting ankerite-like phase could be converted into ordered ankerite under 43 

hydrothermal conditions. We introduced the term “proto-ankerite” to define the Ca-Fe 44 

phases that possess near-ankerite stoichiometry but disordered cation arrangement. On 45 
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the basis of the present study, we proposed herein that microbial activity is an important 46 

contributor to the genesis of sedimentary ankerite by providing the metastable Ca-Fe 47 

carbonate precursors.   48 

Keywords: Ankerite; Proto-ankerite; Microbial iron reduction; Dolomite problem; 49 

Mineral transformation 50 

 51 

1. Introduction 52 

Crystalline calcium-bearing carbonates are important components of sediments 53 

and sedimentary rocks. These carbonate minerals have been documented as an archive 54 

of recent and past Earth’s chemical and climatic changes (Higgins et al., 2018; Chang 55 

et al., 2020). Furthermore, they represent typical skeletal constituents of marine 56 

invertebrates (Marin et al., 1996), and are profoundly involved in the whole-Earth 57 

carbon cycle (Schrag et al., 2013; Liu et al., 2019). Despite the importance of these 58 

carbonates, their formation mechanism and kinetics are not well understood. Dolomite 59 

[CaMg(CO3)2], in particular, has been an enigmatic mineral for over two centuries. The 60 

long-lasting debate about the origin of dolomite, known as the “dolomite problem”, is 61 

mainly due to the apparent mismatch between the difficulty of dolomite synthesis under 62 

ambient conditions and its widespread occurrence in sedimentary rocks (Gregg et al., 63 

2015; Guo et al., 2017; Petrash et al., 2017).  64 

In nature, some double carbonates such as ankerite [CaFe(CO3)2], kutnahorite 65 

[CaMn(CO3)2], and minrecordite [CaZn(CO3)2] also have the trigonal and 66 

rhombohedral structure of dolomite, and hence they are defined as dolomite group 67 
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minerals (Pimentel and Pina, 2016). These double carbonates have received growing 68 

attention because insights into the formation mechanism of these minerals would 69 

provide clues to better understand the genesis of sedimentary dolomite (Liu and Li, 70 

2020).  71 

Ankerite is the second most common dolomite group mineral after dolomite 72 

(Gregg et al., 2015). Noticeably, “hypothetical” ankerite that has the chemical 73 

composition of CaFe(CO3)2 and Ca-Fe ordering is not found to occur naturally (Gregg 74 

et al., 2015). According to the International Mineralogical Association (IMA) 75 

guidelines, natural ankerite is a Ca(Mg, Fe)(CO3)2 carbonate, in which more than 50 76 

mol% Mg2+ ions in the dolomitic structure are substituted by Fe2+ ions (Gregg et al., 77 

2015; Xu et al., 2019). Similar to dolomite, ankerite does not easily precipitate from 78 

saturated solutions at Earth surface temperatures (Gregg et al., 2015; Xu et al., 2019). 79 

Therefore, sedimentary ankerite has often been proposed as a diagenetic mineral 80 

replacing calcite, for instance through the following reaction (Hendry et al., 2000):  81 

4CaCO3 (calcite) + Fe2+ + Mg2+ → 2CaMg0.5Fe0.5(CO3)2 (ankerite) + 2Ca2+ 82 

Such replacement reaction is usually thought to require temperatures between 100 83 

and 200 °C during deep burial (e.g., Hendry et al., 2000).  84 

Microorganisms are cosmopolitan on Earth and they show potential to mediate the 85 

precipitation and crystallization of various minerals (Xie et al., 2016). Of particular note, 86 

considerable research, mostly based on laboratory simulation experiments, has shown 87 

that some types of microbes can overcome the magnesium-hydration barrier and 88 

catalyze the precipitation of dolomite or other Mg-Ca carbonates under low-89 
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temperature conditions (Petrash et al., 2017, and references therein). In most reports, 90 

however, microbially-induced dolomite has disordered cations and is often described 91 

as disordered proto-dolomite or very high-Mg calcite (Gregg et al., 2015). It has been 92 

suggested that low-temperature proto-dolomite can convert into their ordered 93 

counterparts during burial diagenesis and/or metamorphism (Zhang et al., 2012; Zheng 94 

et al., 2021). This emerging microbial model of dolomite formation has been applied to 95 

interpret the origin of some sedimentary dolomites (Perri and Tucker, 2007; You et al., 96 

2014; Wen et al., 2020; Li et al., 2021). Since ankerite belongs to the dolomite group, 97 

it has been hypothesized that microorganisms might be a triggering factor for the 98 

formation of ankerite (e.g., Xu et al., 2019). Hence, laboratory experiments are needed 99 

to test this hypothesis.            100 

In the present study, we performed cultivation experiments to test whether 101 

dissimilatory iron-reducing bacteria (DIRB) can enhance the incorporation of Ca2+ into 102 

Ca-Fe carbonate precipitates upon the biological reduction of ferrihydrite, which is the 103 

most common iron hydroxide found in sedimentary environments. Specifically, the Ca-104 

Fe carbonate formed in such biological systems with high Ca/Fe ratio tested herein had 105 

a stoichiometry close to the “theoretical” ankerite [CaFe(CO3)2], but was mostly cation 106 

disordered. We thus suggest the term of “proto-ankerite” to describe this phase since it 107 

could serve as a metastable precursor for ordered ankerite, as subsequently 108 

demonstrated in our hydrothermal experiments. Our experiments provide an alternative 109 

explanation for the origin of sedimentary ankerite, that is, low-temperature Ca-Fe 110 

carbonate precursors (e.g., proto-ankerite) are primarily stimulated by microbial 111 
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activity and subsequently converted into more stable ankerite through a diagenesis-112 

controlled recrystallization reaction.     113 

 114 

2. Materials and methods 115 

2.1. Bacterial strain and culture medium  116 

The Shewanella strains are known for their dissimilatory Fe(III)-respiring 117 

capabilities, and they represent the most abundant Proteobacteria in ferruginous 118 

seafloor environments (Wang et al., 2008). Shewanella piezotolerans WP3, a marine 119 

facultative DIRB originally isolated from West Pacific sediments (Wang et al., 2008), 120 

was selected for this study. Cells of strain WP3 were first cultured aerobically in marine 121 

medium 2216E (with 5 g/L peptone, 1 g/L yeast extract, 0.01 g FePO4, 34 g/L NaCl, 122 

pH=7.5) at 20 °C with constant agitation (160 rpm). Once cell growth reached the mid 123 

to late log phase (as indicated by measurements of OD600), WP3 cells were harvested 124 

in an anaerobic chamber (filled with 98% N2 and 2% H2, Coy Laboratory Products, 125 

USA) by centrifugation (8000 ×g, 10 min) and resuspended in pre-deoxygenated 126 

marine salt bicarbonate buffer (2.5 g/L NaHCO3, 30 g/L NaCl, 10 g/L MgCl2·6H2O, 1 127 

g/L KCl and 1 g/L CaCl2, pH=7.5). The harvested cells were kept in serum bottles in 128 

the dark at 4 °C for future use. 129 

2.2. Preparation of ferrihydrite 130 

Ferrihydrite was prepared based on the method of Schwertmann and Cornell (1991). 131 

In brief, a 5 M KOH solution was added slowly into a 1 M Fe(NO3)3·9H2O with 132 

vigorous stirring to the pH 7-8. The mixture was allowed to stand for 3 hours at room 133 
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temperature. The ferrihydrite precipitates were collected by centrifugation (8000 ×g, 15 134 

min), repeatedly washed with double distilled water, and made into slurry to obtain a 135 

Fe(III) concentration of 0.3 M. This slurry served as a stock solution for subsequent 136 

iron reduction experiments.   137 

2.3. Microbial iron reduction and adhesion experiments 138 

Batch experiments were conducted with various concentrations of Ca2+ to evaluate 139 

whether Ca2+ could be incorporated into mineral precipitates during microbial reduction 140 

of ferrihydrite. A modified basal medium for Shewanella species was used for microbial 141 

reduction experiments (Roden et al., 2002). The composition of the medium consisted 142 

of 30 mM NaHCO3, 50 mM MgCl2, 0.5 mM KH2PO4, 513 mM NaCl, different 143 

concentrations of CaCl2 (0, 5, 10 and 20 mM), 0.2 g/L yeast extract, 1 mL trace elements 144 

(Roden et al., 2002), and 1 mL vitamin solution (Roden et al., 2002). The medium pH 145 

was adjusted to 7.5 by adding 0.1 M NaOH as needed. The modified basal medium was 146 

purged with ultra-pure N2 and transferred into the anaerobic chamber for membrane 147 

filtration (MF, Millipore, USA; pore size of 0.22 μm). This filtered medium was 148 

dispensed into sterile serum bottles and sealed with butyl rubber stoppers. The serum 149 

bottles were supplemented with ferrihydrite stock solution as the sole electron acceptor 150 

(10 mM, final concentration) and pre-filtered sterilized sodium lactate as the electron 151 

donor (final concentration of 20 mM). An aliquot of WP3 suspension was then injected 152 

into selected bottles to achieve a final concentration of about 1×107 cells/mL. In 153 

addition, abiotic controls without bacterial inoculum were also performed. Both biotic 154 

and abiotic reactors were conducted in duplicate. The experimental bottles were 155 
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wrapped in aluminum foil to block light and then placed in an incubator at 20 °C 156 

without agitation.  157 

Microbial adhesion to the Fe(III) minerals is a crucial step in microbial iron 158 

reduction. To examine the influence of Ca2+ on microbial reduction of ferrihydrite, the 159 

adhesion experiments were performed in the aforementioned basal medium in which 160 

the organic substrates were omitted. The adhesion capacity of WP3 to ferrihydrite was 161 

determined by the methods described previously (Zhao et al., 2014). In brief, pre-162 

washed WP3 cells were added into 30 mM ferrihydrite suspensions to obtain a cell 163 

density of about 1×107 cells/mL. The initial concentration of Ca2+ was varied in the 164 

range of 0-20 mM. The cell-mineral mixtures were agitated at 150 rpm at 20 °C. After 165 

a one hour-incubation period, the un-adhered cells of strain WP3 were separated from 166 

the attached cells and ferrihydrite particles by injecting 60% sucrose solution (w/w). 167 

These sucrose-amended suspensions were centrifuged at 8000 ×g for 10 min. The 168 

numbers of un-adhered cells in the supernatants were determined with acridine-orange 169 

direct count (AODC) by epifluorescence microscopy (Olympus BX50, Olympus 170 

Optical Co., Tokyo, Japan).          171 

2.4. Hydrothermal alteration experiments 172 

Our experiments demonstrated that strain WP3 was able to trigger the formation 173 

of Ca-Fe carbonates accompanied by the bioreduction of ferrihydrite (see later Section 174 

3.3 for details). We hypothesized that Ca-Fe carbonate neoformations (especially proto-175 

ankerite) could transform into ankerite during burial diagenesis. In order to test such 176 

hypothesis, hydrothermal simulation experiments were further carried out to mimic the 177 
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fluid-induced mineral transformation.  178 

Proto-ankerite that was produced in the bioreactors with 20 mM Ca2+ was selected 179 

as a representative Ca-Fe carbonate for hydrothermal experiments. In a typical 180 

experimental run, 500 mg of proto-ankerite powder and 25 mL anaerobic marine salt 181 

bicarbonate buffer (2.5 g/L NaHCO3, 30 g/L NaCl, 10 g/L MgCl2·6H2O, 1 g/L KCl and 182 

1 g/L CaCl2, pH=7.5) were loaded in a sealed Teflon-lined bomb and heated up to 183 

100 °C for two months, and then cooled to room temperature. The reaction solids were 184 

separated by centrifugation at 8000 ×g for 10 min. The resulting pellet was further 185 

washed with pre-deoxygenated double distilled water three times and dried in the 186 

anaerobic chamber.      187 

2.5. Analyses 188 

2.5.1. Wet chemistry 189 

At each sampling point, solution pH was determined in the supernatants using a 190 

Hach multimeter (Hach Co., USA). Cell density was estimated as colony forming units 191 

(CFUs). The concentrations of NH4+ and solution alkalinity were determined 192 

spectrophotometrically as described by McLeod (1992) and Sarazin et al. (1999), 193 

respectively. Briefly, two mL aliquots of cell-ferrihydrite suspension were sampled at 194 

selected time points with a sterile and anoxic syringe followed by centrifugation at 8000 195 

×g for 10 minutes. For NH4+ measurement, 1 mL of the supernatant was mixed with 0.5 196 

mL of sodium salicylate-sodium hydroxide solution and 0.2 mL of sodium 197 

dichloroisocyanurate solution. The mixture was measured with a UV-198 

spectrophotometer (Shimadzu UV-1800, Shimadzu, Japan) at 660 nm after 30 min of 199 
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reaction time. Specifically for alkalinity determination, another 1 mL of supernatant 200 

was added into an equal volume of colored reagent that consists of 0.01 M formic acid 201 

and 0.05 g/L Bromophenol-Blue. Absorbances were measured at 590 nm with NaHCO3 202 

as a standard.           203 

The concentrations of total Fe(II) and aqueous Fe(II) were analyzed by the 204 

ferrozine method (Stookey, 1970). Specifically for total Fe(II), 0.5 mL mineral slurry 205 

was withdrawn by syringe and injected into 0.5 mL of 1 N HCl. After 24 h incubation 206 

in the dark, a 0.1-mL sample of the extract was added to1 mL of ferrozine (1 g/L) in 50 207 

mM HEPES buffer. The absorbance at 562 nm was determined and compared to Fe(II) 208 

standards of ferrous ethylene diammonium sulfate. Aqueous Fe(II) concentration was 209 

measured after filtering the mineral slurry through a syringe membrane filter (0.22 μm). 210 

Samples of Ca2+ and Mg2+ ions were collected from the supernatants following 211 

centrifugation (8000 ×g15 min) and their concentrations were measured with 212 

inductively coupled plasma-optical emission spectrometry (ICP-OES, Thermofisher 213 

ICAP6300, USA).   214 

2.5.2. Mineral characterization 215 

The zeta potential (ξ) of ferrihydrite suspension in the uninoculated medium as 216 

function of different concentrations of Ca2+ was measured using a Zeta potential 217 

analyzer (ZetaSizer Nano ZS, Malvern Instruments, UK). The bioreduced samples were 218 

characterized by X-ray diffraction (XRD), Mössbauer spectroscopy, and scanning and 219 

transmission electron microscopy (SEM and TEM). Prior to XRD measurements, 220 

samples were washed with pre-deoxygenated water three times to remove residual salts 221 
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and dried at 20 °C in an anaerobic chamber. The mineral powders were X-rayed from 222 

10 to 60º 2θ using a Bruker D8 Advance XRD (Bruker, Germany) with Cu Kα radiation 223 

at 40 kV and 40 mA. The XRD data were analyzed with JADE 6.0 software (MDI, 224 

Livermore, USA) to identify phase. The elemental distribution of solid phases was also 225 

studied by ICP-OES after digestion with HNO3 (trace metal grade). The morphology 226 

and chemical composition of biogenic minerals before and after hydrothermal 227 

treatments were examined using a Hitachi SU8010 SEM (Hitachi, Japan), which is 228 

equipped with an energy dispersive X-ray spectroscopy (EDS) detector (Oxford 229 

Instruments XMax 80, UK). The samples for SEM observation were Pt-coated prior to 230 

analysis. Then, samples were prepared for TEM analysis by dispersing the mineral 231 

powders in ethanol under ultra-sonication and depositing the product on carbon-coated 232 

300 mesh copper grids. TEM observations were performed using a JEOL JEM-2100F 233 

(JEOL, Japan) with a LaB6 source, operating at 200 kV. The observations were carried 234 

out in the modes of bright field imaging and selected area electron diffraction (SAED). 235 

Crystallographic analysis of TEM images was performed using DigitalMicrograph 236 

software (Gatan Inc., USA).  237 

 238 

3. Results 239 

3.1. Changes in wet chemistry during microbial iron reduction 240 

During the incubation period, the pH in the bioreactors steadily increased within 241 

the first 15 days and then leveled off with time (Figure 1a). At the end of experiments 242 

(50 days), the pH rose from an initial value of ca. 7.50 to 8.36, 8.21, 7.90 and 8.04 in 243 
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the biosystems with 0, 5, 10 and 20 mM Ca2+, respectively. The pH in the abiotic 244 

reactors increased slightly to 7.74 after 50 days. There were no CFUs observed in the 245 

abiotic controls. In contrast, the cell density in the bioreactors exhibited a rapid rise for 246 

the first 7 or 10 days but a gradual decline afterwards (Figure 1b). Whereas insignificant 247 

NH4+ was produced in abiotic controls, the concentrations of NH4+ of the bioreduction 248 

experiments quickly increased within the first 7 days followed by a slower increase and 249 

a final plateau (around 5 mM) (Figure 1c), which indicates that microbial 250 

ammonification took place in the incubation systems. Furthermore, the increase of 251 

solution alkalinity was also observed in the bioreactors (Figure 1d). 252 

As illustrated in Figure 2a, significant accumulation of total Fe(II) was detected 253 

when ferrihydrite was exposed to S. piezotolerans WP3, consistent with a previous 254 

study (Wu et al., 2011). Unlike the biotic experiments, a negligible change in the 255 

concentration of total Fe(II) in abiotic control experiments was observed. Moreover, it 256 

was noted that the presence of Ca led to higher rates of microbial iron reduction within 257 

the first 20 days. However, nearly similar reduction rates were observed among the Ca-258 

containing biosystems, regardless of the amount of Ca used. A two-stage increasing 259 

trend was found in these biosystems: a rapid increase for the initial incubation period, 260 

followed by a moderate increase for the subsequent incubation period (Figure 2a). 261 

Although different initial bioreduction rates occurred with and without Ca2+ ions, the 262 

final extents of ferrihydrite reduction were comparable at 76.4%, 77.7%, 83.5% and 263 

80.0% for the bioreactors with 0, 5, 10 and 20 mM Ca2+, respectively. The 264 

concentrations of aqueous Fe(II) in all biotic treatments increased in the initial 265 
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incubation period (30 days for Ca-free systems and 15 or 20 days for Ca-amended 266 

reactors) (Figure 2b). Subsequent to these increases, aqueous Fe(II) was gradually 267 

removed from solutions in all biotic experiments. Aqueous Mg and Ca were also 268 

measured to assess their fate during microbial reduction of ferrihydrite (Figure 2c and 269 

d). In general, during the 50-day incubation experiments, the concentrations of Mg2+ 270 

remained unchanged in all biological reduction experiments (Figure 2c). In contrast, a 271 

decline in Ca2+ ions was observed during microbial iron reduction (Figure 2d). At the 272 

end of the experiments, the removal percentages of Ca during microbial iron reduction 273 

were estimated as 31.3%, 33.0% and 23.8% for the biosystems with 5, 10, and 20 mM 274 

Ca2+, respectively.  275 

3.2. Zeta potential of ferrihydrite and bacterial adhesion in the presence of Ca2+  276 

The zeta potential measurements showed that calcium ions had a significant 277 

impact on the surface electronic property of ferrihydrite particles (Figure 3). In the 278 

absence of Ca2+, the ferrihydrite surface carried a slight negative charge (as indicated 279 

by the ξ values ranging from -18.2 to -13.8 mV) at pH 7-9. When Ca2+ ions were 280 

introduced into the mineral suspensions, the ξ values became positive and they 281 

increased with the increasing concentration of Ca2+ (Figure 3).  282 

In the absence of Ca2+, the percentage of WP3 cells attached to ferrihydrite 283 

particles was ca. 84% in one hour. Within the Ca-amended systems, the percent 284 

adhesion significantly increased to around 97%, regardless Ca2+ concentration.   285 

3.3. Mineralogical, chemical and morphological analyses of solid products after 286 

bioreduction  287 
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3.3.1. XRD and ICP-OES   288 

As shown in Figure 4, XRD patterns of the bioreduced products exhibited 289 

reflections of (012), (104), (110), (113), (202), (018) and (116) planes, which indicate 290 

the presence of the hexagonal (rhombohedral) structure. Specifically, the diffraction 291 

peaks of solid phases from the Ca-free biosystems matched well with those of siderite 292 

standard (PDF#29-0696) (Figure 4a), thus demonstrating that siderite was the major 293 

phase in these experiments. More interestingly, the XRD peaks of the solid products 294 

significantly shifted to lower 2θ values with increasing concentrations of Ca2+, 295 

indicating the formation of Ca-Fe carbonates due to the incorporation of Ca2+ ions into 296 

siderite structure by replacing Fe2+ ions (Figure 4a). Additionally, it is shown that the 297 

reflection peaks of Ca-Fe carbonates from Ca-amended sets were broad, indicating that 298 

their crystal size is small and perhaps in the nanoscale range. The short XRD scans 299 

verified the downward shift of the (104) reflections (Figure 4b). Noticeably, the (104) 300 

peak position of the bioreduced product that was obtained from the 20 mM Ca-amended 301 

bioreactors was close to that of the ankerite reference (PDF#41-0586) (Figure 4b), 302 

suggesting that this Ca-Fe carbonate neoformation had a chemical composition near 303 

that of theoretical CaFe(CO3)2. However, the cation-ordering peaks [e.g., (101) and 304 

(015)] were absent in this ankerite-like phase, which suggests that the Ca-Fe 305 

arrangement of this mineral was disordered. The ICP-OES data indicated that the 306 

carbonates contained 0.03, 10.87, 17.51 and 39.65 mol% CaCO3 from the bioreduction 307 

experiments with the starting Ca2+ concentrations of 0, 5, 10 and 20 mM, respectively. 308 

Because of these chemical similarities, the term “proto-ankerite” is applied herein for 309 
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biogenic ankerite-like mineral precipitates obtained from the 20 mM Ca-amended 310 

biosystems. 311 

A strong positive correlation was observed between the aforementioned ICP-OES 312 

data and the starting Ca2+ concentrations (Figure 5a). A similar positive correlation 313 

existed for the CaCO3 content in the Ca-Fe carbonates with respect to the d-spacing 314 

values of (104) reflection (Figure 5b).      315 

3.3.2. Electron microscopic observations  316 

The TEM data revealed that biogenic siderite that formed from the Ca-free systems 317 

was 1-2 μm in size and well crystallized in euhedral structure (Figure 6a). Moreover, 318 

the corresponding EDS result confirmed the presence of FeCO3 content. In contrast, the 319 

obtained Ca-Fe carbonates from the bioreactors with 5 and 10 mM Ca2+ possessed 320 

coarse structures with a large number of nano-grains (Figure 6b-e). Noticeably, the size 321 

of Ca-Fe carbonate that was collected from the 10 mM Ca-amended systems (Figure 322 

6e) was smaller than that from the 5 mM experiments (Figure 6c). High-resolution TEM 323 

(HRTEM) image further revealed the dominant d(104) spacing of 0.283 nm for the Ca-324 

Fe carbonate from the 10 mM experiments (Figure 6f), consistent with the XRD data 325 

(Figure 5b). The presence of Ca was confirmed by EDS in these Ca-Fe carbonates 326 

(Figure 6c and g). 327 

SEM observations of the bioreduced samples from the 20 mM Ca experiments 328 

showed the WP3 cells in associated with proto-ankerite particles (Figure 7a). SEM and 329 

TEM data collectively revealed that the biogenic proto-ankerite was composed of 330 

numerous nano-spheres, with a mean size of 9 nm (Figure 7b-e). As mentioned above, 331 
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(101) and (015) are typical cation-ordering reflections for dolomite group minerals. The 332 

SAED pattern did not exhibit these superlattice reflections (Figure 7f), which supports 333 

the above XRD results. The proto-ankerite phase showed clear lattice fringes, and the 334 

width of the fringes was estimated to be 0.286 nm (Figure 7g). This data was in good 335 

agreement with the lattice spacing of the (104) plane revealed by XRD measurements 336 

(Figure 5b). EDS analyses indicated the signal level of Ca was nearly equal to that of 337 

Fe in proto-ankerite phases (Figure 7h). Moreover, a minor amount of Mg was also 338 

detected in EDS spectra (Figure 7h). The HRTEM data also revealed that the proto-339 

ankerite contained structural defects. Specifically, the (202) lattice fringes, identified 340 

with a d-spacing of 0.203 nm, were shown in Figure 8. Based on the inverse fast Fourier 341 

transformation (FFT) analysis, a number of stacking faults were revealed within this 342 

biogenic mineral precipitate (Figure 8c). 343 

3.4. Transformation of proto-ankerite into ankerite under hydrothermal 344 

conditions 345 

After hydrothermal alteration of proto-ankerite in a Mg/Ca saline solution, XRD 346 

data showed that the main solid phase was ankerite, along with minor siderite (Figure 347 

9a). In comparison to proto-ankerite, ankerite exhibited significantly sharper XRD 348 

peaks and distinctive characteristic reflections of (101), (015) and (021). The ankerite 349 

neoformation was blocky and densely packed, and grain size ranged homogeneously 350 

between 140 and 170 nm (Figure 9b). As evidenced by EDS, ankerite contained also 351 

significant amounts of Mg, Ca and Fe (Figure 9b). ICP-OES measurements can provide 352 

more accurate information about the mineral composition. The ICP-OES data indicated 353 
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that our ankerite sample was composed of 49.8 mol% CaCO3, 27.2 mol% FeCO3, and 354 

23 mol% MgCO3. Therefore, its structural formula can be expressed as 355 

CaFe0.54Mg0.46(CO3)2, which is quite close to the ankerite composition 356 

[CaMg0.5Fe0.5(CO3)2] defined by IMA. 357 

 358 

4. Discussion 359 

4.1. Effect of Ca2+ on microbial reduction of ferrihydrite  360 

Owing to the fact that ferric iron [Fe(III)] is essentially insoluble in neutral pH 361 

environments, DIRB face the problem of transferring electrons extracellularly to Fe(III) 362 

minerals outside of their cells (Shi et al., 2016). Although DIRB have evolved multiple 363 

strategies for utilizing such low solubility electron acceptors, it is a consensus that 364 

microbial reduction of Fe(III) minerals is a rate-limiting process, and that the rate of 365 

microbial reduction of solid Fe(III) phases can be influenced by a great variety of 366 

factors (Roden, 2004; Bonneville et al., 2009). For instance, mineral surface area, 367 

particle size and crystallinity have been identified as major mineralogical factors 368 

controlling the initial rate of microbial iron reduction (Roden, 2004; Bose et al., 2009; 369 

Liu et al., 2012, 2016). In addition to mineralogical factors, several geochemical factors 370 

are reported to govern the kinetics of microbial reduction of Fe(III) minerals. For 371 

example, quinone-containing compound is known to serve as an electron shuttle to 372 

promote microbial iron reduction (Lovley et al., 1996).     373 

In the present study, we demonstrated that the presence of Ca2+ could accelerate 374 

the bioreduction rate with strain WP3 (Figure 2a). Apparently, Ca2+ ion lacks the 375 
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electron shuttling capability, so there should be some other mechanisms involving the 376 

positive effect of Ca2+. It is well documented that in the absence of exogenous electron 377 

shuttles, DIRB (e.g., Shewanella spp.) primarily employ the mechanism of direct cell-378 

mineral contact to transfer extracellular electrons (Bose et al., 2009). Therefore, the 379 

adhesion efficiency of DIRB cells with Fe(III) minerals plays a vital role in 380 

bioreduction of Fe(III). Indeed, an experimental study by O'Loughlin et al. (2010) 381 

demonstrated that the bioreduction of lepidocrocite was inhibited by phosphate, silicate, 382 

and other inorganic oxyanions, due to the competitive adsorption of oxyanions onto 383 

lepidocrocite surfaces which can block the access of bacterial cells and reduce bacterial 384 

adhesion. Microbial adhesion to mineral surfaces is, at least in part, regulated by 385 

electrostatic force (Yee et al., 2000). Normally ferrihydrite is positively charged. 386 

However, our Ca-free ferrihydrite suspension had a negative potential (Figure 3), 387 

indicating that the ferrihydrite surface developed a net negative charge. This 388 

phenomenon might be explained by the coating effect of organic molecules from yeast 389 

extract. Due to the existence of high density of ferric hydroxyl functional groups (≡390 

FeOH) on the surface of ferrihydrite, this mineral has a high adsorption capacity for 391 

organic molecules (Eusterhues et al., 2011). Noticeably, microbial cell surface is often 392 

negatively charged owing to the presence of acidic functional groups such as carboxyl, 393 

hydroxyl, and phosphate (Yee et al., 2000). In this regard, a repulsive force existed 394 

when WP3 cells interacted with ferrihydrite particles in our systems, which potentially 395 

limited the adhesion efficiency and bioreduction rate. When Ca2+ ions were introduced 396 

into the bioreduction systems, ≡FeOH groups of ferrihydrite could also coordinate 397 
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with Ca2+ ions forming ≡[(FeOH)2Ca]2+ complexes (Mendez and Hiemstra, 2020). As 398 

such, ferrihydrite dispersion tended to become positively charged in the presence of 399 

Ca2+, which is validated by its positive zeta potential values (Figure 3). In doing so, an 400 

electrostatic attraction between WP3 cells and ferrihydrite particles could occur in the 401 

presence of Ca2+, which might account for the enhanced reduction rate in these Ca-402 

amended bio-systems. Although zeta potentials of ferrihydrite suspension gradually 403 

increased with increasing Ca concentrations (0-20 mM), almost all of the WP3 cells 404 

were already adhered to ferrihydrite in the Ca-amended systems. These adhesion data 405 

can interpret the similar bioreduction rates observed in Ca-amended systems (Figure 406 

2a). 407 

The final extents of Fe(III) reduction for the bioreactors were in the range of 76.4-408 

83.5%. These data demonstrated that the bioreduction of ferrihydrite by strain WP3 was 409 

an incomplete process. Owing to excessive lactate used in our experiments, this 410 

incomplete bioreduction was not the result of insufficient electron donation. In fact, 411 

similar results have been observed for other DIRB such as S. putrefaciens CN32 412 

(Fredrickson et al., 1998) and S. oneidensis MR-1 (Amstaetter et al., 2012). According 413 

to previous experimental studies, the incomplete bioreduction of Fe(III)-containing 414 

minerals is mainly ascribed to the blocking effect of produced Fe(II) (Roden and Urrutia, 415 

1999; Urrutia et al., 1999). During bioreduction, a considerable amount of Fe(II) ions 416 

can be released into aqueous solutions (Figure 2b). These produced Fe(II) ions are 417 

preferentially adsorbed onto Fe(III)-containing minerals and cell surfaces, leading to 418 

the blockage of active surface sites (Roden and Urrutia, 1999). In addition, mineral 419 
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aggregation has also been thought to inhibit the long-term bioreduction (Urrutia et al., 420 

1999). As evidenced by our microscopic data, the neoformed Ca-Fe carbonates were 421 

shown to be in aggregate form (Figures 6 and 7). Noticeably, WP3 cells were embedded 422 

in the neoformed aggregates (Figure 7a). It is reasonable to speculate that the Ca-Fe 423 

carbonate neoformations might physically block the microbial extracellular electron 424 

transfer.              425 

4.2. Formation mechanism of Ca-Fe carbonate mediated by S. piezotolerans WP3 426 

It has been well documented that microbial reduction of Fe(III) oxides can result 427 

in formation of secondary Fe(II)-bearing minerals, such as siderite, vivianite, magnetite, 428 

green rust, and chukanovite (Fredrickson et al., 1998; Ona-Nguema et al., 2002; 429 

O'Loughlin et al., 2010; Wu et al., 2011). The rate of Fe(II) production and aqueous 430 

chemical composition are two crucial parameters in regulating the crystallization of 431 

specific Fe(II) phases (Fredrickson et al., 1998; O'Loughlin et al., 2010). Specifically 432 

for siderite, it is a common mineral product observed in the bioreduction systems with 433 

a high production rate of Fe(II) and high alkalinity (Fredrickson et al., 1998). In the 434 

present study, the medium used for bioreduction experiments contained high amounts 435 

of dissolved inorganic carbon (DIC; 30 mM HCO3-). Microbial mineralization of 436 

organic sources of carbon (e.g., lactate used herein) can also enhance the concentration 437 

of DIC. Furthermore, as evidenced by ammonium production (Figure 1), strain WP3 438 

had the ability to ammonify the nitrogen sources in yeast extract. Specifically, only a 439 

slight rise in pH was observed for the abiotic reactors (Figure 1a), which might be 440 

caused by the protonation of hydroxyl and(or) carboxyl sites within yeast extract. 441 
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However, sharper increases in pH as well as alkalinity occurred in the bioreactors 442 

(Figure 1a). These significant changes observed in the bioreduction systems might be 443 

attributed to microbial ammonification (yeast extract → NH3+H2O → NH4+ + OH-). 444 

Taken together, the concentration of CO32- could be significantly elevated due to DIC 445 

partitioning under an alkaline environment, thus providing oversaturated conditions for 446 

siderite when Fe2+ ions were present in aqueous solutions (Figure 2). Aforementioned 447 

results can explain the occurrence of siderite in our Ca-free systems.    448 

When Ca2+ ions were introduced in our bioreduction systems, Ca-Fe carbonate 449 

neoformations occurred and their CaCO3 content was highly dependent on the starting 450 

concentration of Ca2+ in solutions. Given the fact that the charge density and ionic 451 

radius of Ca2+ are similar to those of Fe2+, the Fe2+ sites in the lattice of siderite can be 452 

theoretically substituted by Ca2+ ions (Romanek et al., 2009). Indeed, cation-disordered 453 

phases in the (Ca,Fe)CO3 have been successfully synthesized at low temperatures.. For 454 

instance, Romanek et al. (2009) reported that the Ca-Fe carbonates that were 455 

inorganically synthesized at 25 °C had the CaCO3 content less than 17 mol% (Romanek 456 

et al., 2009). Our present study showed that strain WP3 was capable of facilitating the 457 

loading of Ca2+ during Ca-Fe carbonate growth at 20 °C. The CaCO3 content of our Ca-458 

Fe carbonates was estimated up to 39.65 mol%. This value is much higher than that of 459 

low-temperature inorganic counterparts mentioned above. Such apparent discrepancy 460 

might be attributed to the high aqueous Ca/Fe ratio observed in our bioreduction 461 

systems. Specifically, the Ca/Fe molar ratio of experimental solutions using by 462 

Romanek et al. (2009) was within the range of 0.03-1.05. Although the concentrations 463 
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of aqueous Fe(II) in all bioreactors increased as a consequence of microbial reduction 464 

of ferrihydrite (Figure 2b), the average Ca/Fe molar ratio was still as high as 8.36, 14.09 465 

and 28.65 for the bioreactors with 5, 10 and 20 mM Ca2+, respectively. Apparently, a 466 

solution with high Ca/Fe ratios can provide sufficient Ca2+ for the growth of Ca-Fe 467 

carbonates.   468 

It is relevant to note that both Ca2+ and Fe2+ are typically hydrated in solutions 469 

(Lippmann, 1973). As such, there exists an energy barrier against the hydration shell of 470 

these cations, blocking the approach of CO32- ions to either Ca2+ or Fe2+ ions. This 471 

hydration effect can be diminished at high temperature when the thermal energy 472 

exceeds the energy barrier variations, whereas it persists at ambient temperature 473 

(Romanek et al., 2009).The occurrence of low-temperature biogenic Ca-Fe carbonates 474 

showed that strain WP3 had a positive effect on dehydration of Ca2+ and Fe2+. Actually, 475 

the catalytic role of microorganisms in dehydration of metal ions has been long 476 

recognized and interpreted as suggesting that the negatively-charged groups (especially 477 

carboxyl) on microbial cells break down the hydration shell of metal ions via 478 

electrostatic forces (de Vasquez et al., 2021). In general, carboxyl and other acidic 479 

groups preferentially interact with metal ions to form cation-organic complexes, 480 

accompanied by the partial removal of the outer shell water around the metal cations 481 

(Qiu et al., 2017; Huang et al., 2019). According to the study reported by Huang et al. 482 

(2019), strain WP3 has a high density of cell surface-bound carboxyl groups (0.057 Å-483 

2), which is significantly higher than non-marine DIRB (0.03 Å-2) (Kenward et al., 484 
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2013). Therefore, it is reasonable to speculate that WP3 cells can lower the energy 485 

barrier to the incorporation of Ca2+ and Fe2+ into growing Ca-Fe carbonates.  486 

Besides Ca ions, our bioreduction medium also contained considerable amounts 487 

of Mg2+. However, as evidenced by the new EDS data, only trace amounts of Mg were 488 

detected in the Ca-Fe carbonates (Figure 7h), which is consistent with a previous study 489 

that showed the formation of a (Ca,Fe)CO3 phase rather than (Ca,Mg,Fe)CO3 in 490 

bioreduced systems with ferric hydroxide, a non-marine DIRB (S. oneidensis MR-1), 491 

as well as Ca2+ and Mg2+ ions (Zeng and Tice, 2014). Thus, these results demonstrate 492 

that Ca2+ is more effective than Mg2+ in competing for the substitution of Fe. Such 493 

phenomenon is likely accounted for by the difference in dehydration enthalpy of Ca2+ 494 

vs. Mg2+. Numerous computational studies have demonstrated that Mg2+ has the higher 495 

dehydration enthalpy than Ca2+ (351.8 kcal/mole vs. 264.3 kcal/mole) (Jiao et al., 2006), 496 

owing to longer lifetime of water molecules around Mg2+ and higher surface charge 497 

density of this cation (Jiao et al., 2006; Romanek et al., 2009). As a result, more energy 498 

is required for the dissociation of Mg-H2O complexes compared to Ca-H2O complexes, 499 

and thus Mg incorporation in the Ca-Fe carbonate structure is quite limited at low 500 

temperature.      501 

4.3. Proto-ankerite and its transformation 502 

The Ca-Fe carbonate produced from the 20 mM Ca-amended bioreactors had an 503 

average CaCO3 content of 39.65 mol%, that is, with a chemical formula of 504 

Ca0.8Fe1.2(CO3)2. This chemical composition is close to that of “theoretical” ankerite 505 

[CaFe(CO3)2]. However, as mentioned earlier, our ankerite-like neoformation lacked 506 
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Ca-Fe ordering as evidenced by XRD and SAED data. Not limited to aforementioned 507 

ankerite-like phase, the synthesis of other disordered double carbonates has also been 508 

achieved under ambient conditions due to the presence of microbial activity. Disordered 509 

dolomite is a good example with new recent advances. A growing number of studies 510 

reveal that various types of microbes can facilitate the precipitation of Ca-Mg 511 

carbonates at Earth surface temperatures (e.g., Vasconcelos et al., 1995; Sánchez-512 

Román et al., 2008; Bontognali et al., 2012; Qiu et al., 2017; Huang et al., 2019; Liu et 513 

al., 2019, 2020; Zhang et al., 2021; Han et al., 2022). The Mg level of these microbially-514 

induced Ca-Mg carbonates is generally above 10 mol% and reaches up to 48 mol%. 515 

According to the definition of Graf and Goldsmith (1956), the Ca-Mg carbonate having 516 

near-dolomite stoichiometry (≥36 mol% MgCO3) but disordered Ca-Mg arrangement 517 

should be termed “proto-dolomite”. A number of laboratory experiments have 518 

demonstrated that proto-dolomite can convert into dolomite during burial diagenesis 519 

(Malone et al., 1996; Rodriguez-Blanco et al., 2015; Kaczmarek and Thornton, 2017; 520 

Zheng et al., 2021). Motivated by these studies, herein we introduce the term “proto-521 

ankerite” to describe Ca-Fe carbonate which is of approximately ankeritic composition 522 

but lacks Ca-Fe order.      523 

It is a general consensus that nanominerals are highly reactive due to their high 524 

surface-to-volume ratio (Hochella Jr. et al., 2008). Our proto-ankerites were in the range 525 

of a few nanometers (Figure 7). It has been also reported that some microbially-526 

mediated minerals (e.g., ZnS) have much more defective crystalline structures 527 

compared to their abiotic counterparts (e.g., Xu et al., 2016). In the new experiments, 528 
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TEM data revealed that planar defects were also present in low-temperature proto-529 

ankerite (Figure 8). These nano-scale and defect-rich properties should allow 530 

microbially-induced ankerite to be unstable in open diagenetic environments where 531 

intense alterations triggered by external fluid take place. Indeed, our hydrothermal 532 

experiments showed that the proto-ankerite was converted into ankerite at 100 °C in a 533 

Mg/Ca-containing saline solution, demonstrating that microbially-mediated proto-534 

ankerite can serve as a precursor for sedimentary ankerite. Unlike Mg-poor nature of 535 

proto-ankerite, the newly-formed ankerite had equal amounts of Mg and Fe (Figure 9b). 536 

These results suggested that high temperatures can lower the activation barrier for Mg2+ 537 

dehydration and that Mg incorporation in ankerite is achieved by the substitution of Mg 538 

for Fe. Indeed, siderite was found to accompany the hydrothermal transformation of 539 

proto-ankerite to ankerite (Figure 9a), which can serve as indirect evidence for the 540 

release of Fe2+ from proto-ankerite due to Mg substitution.   541 

Many ankerite cements are commonly found in shallow marine sandstone 542 

reservoirs (e.g., Kantorowicz, 1985; Hendry et al., 2000), and most were thought to be 543 

early diagenetic and authigenic in origin (Kantorowicz, 1985). It is noted that those 544 

ankerite cements had negative δ13C values. For instance, ankerite cements from the 545 

Wilcox Group in southwest Texas had δ13C values from -5.2 to -9.0‰ PDB 546 

(Kantorowicz, 1985). These δ13C signatures may be related to the microbial oxidation 547 

of organic substrates. Moreover, siderite was frequently observed to co-exist with 548 

ankerite in aforementioned settings. On the basis of our cultivation and precipitation 549 

experiments, as well as published field studies, we propose that microbial iron reduction 550 
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can contribute to the genesis of sedimentary ankerite (Figure 10). Similar to the 551 

recognized mediation of microorganisms in the precipitation of dolomite, 552 

microorganisms facilitate the formation of ankerite by providing a metastable, low-553 

temperature carbonate precursor, which can be converted into ordered counterpart upon 554 

diagenesis and hydrothermal alteration.     555 

 556 

5. Conclusions 557 

Through laboratory experiments we demonstrated the formation of Ca-Fe 558 

carbonates from bioreduction of ferrihydrite by S. piezotolerans WP3 in a bicarbonate-559 

buffered, Ca2+-amended medium. The content of CaCO3 in the neoformed Ca-Fe 560 

carbonates was positively correlated with the initial concentration of Ca2+ within the 561 

medium. Microbially-induced proto-ankerite having 39.65 mol% CaCO3 was observed 562 

when the concentration of Ca2+ was up to 20 mM. Our proto-ankerite was nanoscopic 563 

in size, spherical in shape, cation-disordered, and with a defective crystalline structure. 564 

The hydrothermal experiments provided evidence that ordered ankerite can be 565 

produced through the recrystallization of biogenic proto-ankerite at 100 °C. The 566 

conversion of proto-ankerite to ankerite was triggered by the substitution of Mg2+ for 567 

Fe2+ in the lattice structure, leading to solubilization of excess Fe and concomitant 568 

siderite precipitation.     569 
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Figure caption: 761 

Figure 1. Time course analysis of solution during microbial reduction of ferrihydrite: 762 

(a) solution pH; (b) cell number (CFU); (c) NH4+; and (d) solution alkalinity. All results 763 

were from duplicate cultures. 764 

 765 

Figure 2. Time course change of concentration of total Fe(II) (a), aqueous Fe(II) (b), 766 

aqueous Mg (c) and aqueous Ca (d) during microbial iron reduction. 767 

 768 

Figure 3. Zeta potential of ferrihydrite suspension in the presence of Ca2+ at different 769 

pHs. The plot shows systematically higher Zeta potentials for higher Ca2+ 770 

concentrations. 771 

 772 

Figure 4. (a) Comparison XRD patterns between secondary mineral products after 50 773 

days of bioreduction and homogeneous in-house standards of iron-bearing minerals 774 

(ankerite and siderite); (b) Comparison of diagnostic XRD peaks in 2θ range of 30.5-775 

32.5° for the (104) plane. Note the broadening of peaks as well as their shift towards 776 

lower angles and smaller separation for experiments with higher Ca2+ concentrations. 777 

 778 

Figure 5. (a) Linear relationship between initial Ca2+ in medium and CaCO3 content of 779 

Ca-Fe carbonate neoformations; (b) Relationship between CaCO3 content of Ca-Fe 780 

carbonates and their d(104) values. 781 

 782 
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Figure 6. TEM images of secondary mineral products after bioreduction (day 50): (a) 783 

prismatic habit siderite produced in the Ca-free bioreactors. The insert EDS data shows 784 

the chemical composition of biogenic siderite, with contaminant Cu peaks from the 785 

TEM grid; (b) Anhedral Ca-Fe carbonates from the 5 mM Ca-amended bioreactors; (c) 786 

An enlarged view of the square of B showing the nano-sized aggregates and their 787 

chemical composition; (d-g) The morphology, predominant lattice fringes, and 788 

chemical composition of Ca-Fe carbonates produced in the biosystems with 10 mM 789 

Ca2+.    790 

 791 

Figure 7. SEM (a-b) and TEM (c-g) images of proto-ankerite nanoparticle collected by 792 

the end of experiments (50 days) from the bioreactors with 20 mM Ca2+.  793 

 794 

Figure 8. (a) HRTEM image showing the lattice fringes of microbially-induced proto-795 

ankerite obtained after the bioreduction systems for 50 days; (b) The lattice spacing 796 

distribution of the selected area in the panel A; (c) The inverse FFT of the square area 797 

in the panel A showing the stacking faults. 798 

 799 

Figure 9. (a) XRD results showing the differences between pristine and hydrothermal-800 

treated proto-ankerite, where the peaks in the pristine proto-ankerite are significantly 801 

broader than in the hydrothermal experiment; (b) SEM image and EDS data of ordered 802 

ankerite from a two-month hydrothermal experiments. 803 

 804 
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Figure 10. Proposed model illustrating the role of iron-reducing microbes on the 805 

formation of ankerite.   806 
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